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Confocal Raman microspectroscopy was used to monitor local and age-related changes in protein conformation i human eye 
lenses. In clear human lenses of varying age (range 17-80 years) spectra were recorded along the visual axis, using laser light of 
660 nm wavelength. The Raman vibrations in the 650-1750 cm -1 spectral region were analyzed. Difference spectra between 
central core and different positions along the visual axis were calculated after calibration for protein content using the I(1450) 
cm-1 CH2/CH 3 vibration peak. Tryptophan content was quantified using the peak at 760 cm-~ calibrated for protein. Changes 
in the 'exposed' vs. 'buried' position of tryptophan were analyzed using the peak heights at I(880) and 1(760) cm-L The 
difference spectra revealed an excess of tryptophan, tyrosine, phenylalanine,/3-sheet conformation and molecules or molecular 
groups responsible for a 1425 cm-1 peak in the core region in all lenses investigated. The excess peaks disappeared at about 
0.6-0.9 mm below the surface. The tryptophan content increased from superficial to deep layers, levelling off between 0.4-0.8 
mm below the surface. Upon aging, the tryptophan content increases in the core not in the cortex. No changes in the 'exposed' 
vs. 'buried' position of tryptophan were observed. Changes in tryptophan and tyrosine probably reflect the maturational shift 
from cortex to core in the relative content of a, /3 and ~/ crystallines. The age-related increase in tryptophan i the core may 
reflect he preferential breakdown by endo- and exopeptidases of a-crystallins damaged upon aging. The increase in /3-sheet 
conformation may indicate a post-translational shift in secondary conformation upon aging. These changes in protein conforma- 
tion are largely completed in a small superficial zone, i.e., in the early life span of the crystallins. 
Introduction 
Aging of the human eye lens is accompanied by a 
decrease in nuclear protein content [1] and changes in 
crystallin composition and macromolecular conforma- 
tion of proteins [2-7]. Conformational protein changes, 
including dehydration/hydration, formation of aggre- 
gates, changes in backbone and side-chains are early 
signs of increased light scatter, possibly preluding 
cataract formation. Especially the protein side-chain 
groups cysteine, tryptophan and tyrosine are thought o 
play a crucial role in the formation of protein aggre- 
gates [8-11]. 
To understand the process of lens aging it is impor- 
tant to elucidate the physico-chemical events occurring 
in proteins at the macromolecular level. Sihce the fiber 
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cells and the epithelial cells, from which the first 
originate, exist throughout life, the lens comprises 'old' 
post-translationally-altered crystallins in the core and 
newly synthesized crystallins in the cortex. In a previ- 
ous Raman study from our group [1] it was shown that 
in the human lens there is an abrupt transition, within 
0.3-0.6 mm from the surface, from a low (5:18%) 
protein content in the superficial cortex to a constant 
high (35-40%) protein content in the core. In addition 
it was monitored that the aromatic amino acids tyro- 
sine, tryptophan and phenylalanine are in excess in the 
central core and that simultaneously there is a signifi- 
cant increase in fl-sheet conformation [7]. 
The aim of the present study was to investigate 
whether conformational changes are gradually evolving 
throughout life or whether they are abrupt as are the 
changes in protein content. As emphasized in previous 
papers [12-14] the Raman microspectroscopic set-up, 
with its sample size of < 1 /xm 3, is well-suited for the 
monitoring of locally defined protein characteristics. 
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By using laser light of 660 nm the excitation of intrinsic 
fluorescence in human lenses is minimal and there is 
no adverse ffect on the biological samples under in- 
vestigation. 
Materials and Methods 
The Raman spectra were recorded with the Confo- 
cal Raman Microspectrometer (CRM). Details about 
the instrumentation are given by Puppels et al. [15]. A 
DCM-operated dye laser (Spectra-Physics, model 
375B), pumped by an argon-ion laser, was used for the 
experiments. The laser excitation wavelength was 660 
nm. For measurements a ×63 objective was used 
(Spindler & Hoyer, NA = 0.85). Peak frequencies were 
calibrated by means of the spectrum of indene, mea- 
sured at the same setting of the instrument. Laser 
power levels at the sample averaged 6 mW. 
For the present study, ten human donor lenses 
varying in age between 17 and 80 years, exhibiting 
minimal discoloration and no equatorial opacities, were 
obtained from donor eyes spent for cornea transplanta- 
tion. The lenses were extracted within 24 h post-mortem 
and were fixed in a solution of 0.08 M cacodylate 
buffered 1% paraformaldehyde ((pH 7.3), 310 mosmol). 
In previous tudies [12,13,16], it was demonstrated that 
paraformaldehyde had no significant overall effect on 
the water/protein content, on the ratios of the tyrosine 
and tryptophan doublet and on protein secondary 
structure. Lens slices of about 1 mm thickness were cut 
along the optical axis as described earlier [12]. They 
were put on glass slides and covered with coverglasses 
of 0.17 mm thickness. A drop of phosphate-buffered 
saline was used to prevent hem from drying. 
The Raman analysis was restricted to the 650-1750 
cm-~ spectral region. This region comprises the most 
relevant information related to the peptide backbone 
conformation and to the aromatic and non-aromatic 
side-chains. Spectra were stepwise recorded along the 
visual axis of the lens and were obtained at about 75 
/zm below the surface of the slices. In the outermost 
anterior 1 mm of the visual axis, the spectra were 
obtained at intervals of 100 #m, followed by intervals 
of 200/zm up to the center of the lens. 
The local differences in Raman signals were anal- 
ysed using the difference spectra approach described 
before [7]; the spectra at the different positions were 
scaled for protein content, using the CH2/CH 3 band 
that was integrated from 1374-1504 cm-~, and subse- 
quently subtracted from the central nuclear spectrum. 
The analysis of the relative tryptophan content at dif- 
ferent sites was approached as follows (see Fig. 1). The 
areas of the tryptophan (729-781 cm -]) and the 
CH2/CH 3 (1374-1504 cm-1) bands were integrated in
each spectrum. The relative amount of tryptophan 
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Fig. 1. Examples of Raman spectra taken from a sliced and para- 
formaldehyde-fixed human donor lens (17 years of age) showing the 
vibrational peaks and bands studied in this paper and summarizing 
the basic measurements carried out to quantify the tryptophan 
content (upper spectrum) and the 'buried' vs. 'exposed' position of 
tryptophan (lower spectrum). The content of tryptophan was calcu- 
lated by measuring the shaded area for tryptophan (1(729-781) 
cm-1) and calibrating it for the protein content given by the shaded 
area of the CH 2/CH 3 (protein) band between I(1374-1540) cm-1. 
The 'buried' vs. 'exposed' tryptophan was calculated by measuring 
the peak heights at 760 and 880 cm- 1. 
calibrated for protein content, is then given by the 
ratio 1(729-781)/(1374-1504). To analyse the changes 
in the microenvironment of tryptophan, the peak 
heights at 880 cm-~ and 760 cm-~ were ratioed (Fig. 
1). To facilitate comparison of lenses of varying age the 
positions along the visual axis were normalized. 
To estimate the age-related changes in tryptophan 
content along the visual axis, the data points up to 0.5 
normalized istance indicating the relative tryptophan 
content (see Fig. 3) were replaced by a least square 
linear regression line. The slope of this line is taken as 
an indicator of the rate of inclination of tryptophan 
along this axis. To analyse whether the age-related 
differences in tryptophan are identical in core and 
cortex two most superficial cortical, i.e., nearest to the 
surface and three central nuclear values were aver- 
aged. The changes in tryptophan microenvironment 
were studied only for the lens core by averaging the 
880/760 cm-] ratios for the three most central posi- 
tions. In all cases age-related differences were statisti- 
cally tested by linear regression analysis. 
Results 
The difference in Raman spectra along the optical 
axis, are exemplified in Fig. 2 for a young human lens 
(17 years of age). As also described in a previous paper 
[7] all tryptophan, tyrosine and phenylalanine signals 
are found in excess in the lens core. In addition the 
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Fig. 2. Example of difference spectra at different axial positions 
(0.1-1.5 mm below the surface) calculated for a young (17 years of 
age) donor lens. For this difference spectra approach, the Raman 
spectra were calibrated for protein content, using the I(1374-1540) 
cm-1 (protein) band and subsequently subtracted from the central 
core spectrum (for details, Ref. 7). The vibrations for the peptide 
bands (CS, CC and CN) do not show excess peaks indicating that the 
backbone is not altered. The most superficial sites show a clear cut 
excess of all tyrosine, tryptophan and phenylalanine peaks. In addi- 
tion, the /3-sheet band at 1227-1240 cm -] and peak at 1675 cm -1 
show a significant excess as well. Finally, a peak at 1425 cm-1, not 
present in the original Raman spectra, appeared. These observations 
indicate that tyrosine, tryptophan, phenylalanine, /3-sheet and the 
vibrations responsible for the I(1425 cm-1) peak are more abundant 
in the core. Note that most excess peaks in this young lens have 
disappeared at0.6 mm below the surface, except for phenylalanine. 
This latter may be due to an inaccuracy of the wave-number align- 
ment of this sharp phenylalanine p ak and the presence of a strong 
ring vibration of tryptophan at 1016 cm- t. 
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Fig. 3. This figure illustrates the changes in the trypthophan content, 
indicated by the calibrated ratio I(760): 1450 cm-l,  along the optical 
axis for a young (17 years of age, ©) and an old (80 years, ,x) human 
lens. Note that in both lenses the tryptophan content increases 
towards the core. The increase is more pronounced and more abrupt 
in the old lens. 
/3-sheet signals in the amide-I and amide-II bonds and 
a peak at 1425 cm-~ proved also to be in excess in the 
core. At a position of 0.6 mm below the anterior 
surface the excess peaks rather abruptly disappear, 
except for phenylalanine, and a noisy neutral spectrum 
is obtained. Comparable difference spectra were ob- 
tained for all other lenses. The disappearance of excess 
peaks varied between 0.5-0.9 mm below the surface. 
These observations imply that upon maturation and 
aging the relative content of aromatic amino acids of 
lens proteins increases and that the/3-sheet conforma- 
tion becomes more prominent. These changes are not 
gradual but are completed at a short distance from the 
anterior surface. 
In Fig. 3 the tryptophan-to-protein ratio along the 
optical axis is exemplified for a young (17-year-old) and 
old (80-year-old) human lens. In both lenses a signifi- 
cant increase in relative tryptophan content is observed 
from cortex to core reaching a constant level at about 
0.4-0.5 normalized istance from the surface. In the 
old lens the transition from low cortical to high core 
levels is much more pronounced. For the other lenses 
comparable curves were obtained. To analyze whether 
the increase in tryptophan content becomes more pro- 
nounced with age the data points up to 0.5 mm below 
the surface were piece-wise replaced by linear regres- 
sion lines and the slope values were taken as an indica- 
tor of the tryptophan gradient. Fig. 4 shows that the 
gradient significantly increases with age. In order to 
analyze whether the increase in relative tryptophan 
content depends on lens age or age of the lens fibers 
the two outermost and three most central values were 
averaged. Fig. 5 shows that the relative tryptophan 
content did not change with age in the cortex but 
significantly increases with age in the core. 
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Fig. 4. This figure illustrates the abruptness (gradient) of the increase 
in tryptophan content, as indicated by the slopes of the least square 
regression lines calculated from the axial contents (Fig. 3). The 
gradient significantly increases with age (R = 0.84 (10) P < 0.01). 
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Fig. 5. Tryptophan content in cortex (A ) and core (0) as a function 
of age. Cortical values represent he mean of the two outermost axial 
positions and core values of the three most central positions. In the 
cortex no change in tryptophan content was observed. The increase 
in the core is significant (R = 0.60 (10) P < 0.05). 
Fig. 6 shows that the tryptophan environment, indi- 
cated by the 1(880)/1(760) ratio in the core did not 
change with age. 
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Fig. 6. This figure illustrates the ‘buried’ vs. ‘exposed’ position of 
tryptophan in the core of the lens indicated by the ratio 1(880):760 
cm-r. No age-related change in this parameter was observed. 
Discussion 
In a previous study [7] differences in aromatic side 
chains and p-sheet conformation of lens proteins be- 
tween core and cortex of the human lens were ob- 
served. As outlined in the introduction, the aim of the 
present investigations was to extend these observations 
quantitatively and with regard to the site specificity of 
these differences. For the latter, difference spectra, 
calibrated for protein content, were measured at pre- 
cisely defined positions along the optical axis of the 
lens. The advantages of this approach have been dis- 
cussed at length [7]. For quantification of changes in 
the tryptophan, tyrosine and phenylalanine contents 
and in the amount of p-sheet conformation, the inte- 
grated Raman peaks representing these protein param- 
eters can be related to the CHJCH, vibrations at 
1450 cm- ‘. This peak has been shown to be a reliable 
protein calibration peak [9,17,181 provided that the 
proteins do not significantly differ in the number of 
CH, and CH, groups. On account of the amino-acid 
composition of human (Y, p and y crystallins given by 
Coghlan and Augusteyn [19] and the differences in (Y, 
p and y content between lens cortex and core given by 
Kramps [20], the calculated number of CH, and CH, 
groups per 1000 residues was 1650 for the cortex and 
1624 for the core; a difference of only 1.6%. Another 
prerequisite for such approach is, however, that the 
peaks are well-defined and not contaminated with 
shoulders of other Raman vibrations. Only the Raman 
signal for tryptophan at 760 cm-’ fully meets with this 
prerequisite and therefore was analysed in this study. 
The ratios of the integrated peak 760:1450 cm-’ (tryp- 
tophan) quantitatively reflects the number of these 
molecules per unit protein and can be used as such for 
comparison within and among lenses. The absolute 
amount, expressed, e.g., as residues per 1000 residues, 
however, also depends on the stoichiometry between 
the real concentration of the molecules and the Raman 
signals. This is linear for the molecules in solutions but 
unknown for the molecules incorporated in proteins. 
The difference spectra, exemplified in Fig. 2, first of 
all confirm previous observations [7]: an excess of aro- 
matic amino acids in the core as compared to the lens 
cortex. These observations do not corroborate the ob- 
servations of Nie et al. [21], who observed a decrease in 
tryptophan content in human lenses with age. This may 
be due either to differences in the selection criteria for 
human lenses or to the fact that we calibrated for 
protein content and Nie et al. [21] did not. The excess 
observed in this study most likely reflects the cortex to 
core shift in crystallin composition and the distinct 
amino acid contents of the crystallins: an abundance of 
p- and y-crystallins in the core [3-51 and an enriched 
molar ratio of tryptophan and tyrosine of the p-, and 
y-crystallins [3,8,19,22-241. McAvoy [25] has reviewed 
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the evidence that the abundance of y-crystallins in 
deeper aspects of the lens is the result of the genetic 
expression of this lens protein at the time of terminal 
differentiation of lens fibers. The difference spectra, 
showing that the excess in aromatic amino-acid signals 
is not present hroughout the whole depth of the lens 
but levels off at about 0.5-0.8 mm below the surface, 
are in line with this view. Further support is given by 
the quantitative observations, exemplified in Fig. 3, 
that the changes in tryptophan content along the opti- 
cal axis have a more or less pronounced sigmoid-shaped 
appearance, indicating a more or less abrupt levelling 
off between 0.5-0.8 mm from the surface. This could 
indicate that the terminal differentiation is about com- 
pleted at this distance from the surface. 
The data summarized in Fig. 5 that aging leads to an 
increase in tryptophan content of the core indicate 
that, in addition to terminal differentiation, there must 
be another factor that affects the tryptophan content 
especially in the core. Upon aging there is an accumu- 
lation of damaged proteins (see e.g., Ref. 5). In addi- 
tion there is ample evidence for the presence of prote- 
olytic enzymes also in the core of the mature lens. It 
has already been suggested in 1963 by Van Heyningen 
and Waley [26] that "lens proteins are broken down to 
amino acids in vivo by the co-operation of a neutral 
proteinase (probably an endopeptidase) and an ex- 
opeptidase (an aminopeptidase)". The predominant 
exopeptidase is leucine aminopeptidase, which is also 
found in human lenses [27]. The reason for the break- 
down has tentatively been suggested to be related to 
the denaturation of lens proteins [26], which is most 
obvious in the lens core. David and Shearer [28], re- 
viewing the role of proteolysis in the lens, emphasize 
that endopeptidases play a physiological role in the 
maturation of lens fibers in, e.g., the breakdown of 
cytoskeletal proteins, largely absent in mature fibers, 
and in the degradation of proteins of cell organelles 
also disappearing during maturation. The two main 
lens endopeptidases, i.e., the trypsine-like proteinase 
and the multicatalytic endopeptidase complex prefer- 
entially degrade a-crystallin peptides and especially 
the y-crystallins proved to be rather resistent o the 
proteolysis by these enzymes [28]. Since y-crystallins 
are particularly rich in tyrosine and tryptophan (see 
above), the relative nrichment of this crystallin species 
in the lens core, due to the possible preferential break- 
down of a-crystallin upon aging, would explain the 
ongoing increase in tryptophan with age as observed in 
this study. The fact that the age-related increase in 
tryptophan is restricted to the lens core (Fig. 5) further 
supports this argument. The absence of age-related 
changes in tryptophan content in the most superficial 
cortex (Fig. 5) of human lenses can be considered as an 
indication that normal aging is not accompanied by 
changes in the read out of the crystallin genes and 
damage to the crystallin genome. Due to the limitation 
in methodology outlined above, quantitative conclu- 
sions on changes in tyrosine content within the lens 
and upon aging cannot be made. Close qualitative 
inspection of the difference spectra, however, makes it 
rather likely that identical changes for tyrosine occur 
upon aging as for tryptophan and further strengthen 
the conclusions given in the last two paragraphs. 
A pertinent observation i the difference spectra of 
all lenses is the peak at 1425 cm -~, indicating that 
some specific molecule or molecular group is in excess 
in the core. In normal Raman spectra of proteins this 
peak is fully masked by the large CH2/CH 3 peak at 
1450 cm-~. There are two relevant candidates for this 
peak: the carboxyl-group of acidic amino acids or the 
~-NH-vibration of formylkynurenine [8,29]. Both 
deamidation of asparagine to aspartic acid [2,3] and 
photooxidation f tryptophan to tS-H-formylkynurenine 
[30,31] have been shown to occur in the human lens 
during aging. The present results additionally support 
the biochemical evidence for these processes and 
moreover show that these changes are most prominent 
in the superficial layers, i.e., during the early life span 
of the proteins. Which of these candidates for the 
excess vibration at 1425 cm-1 is indeed present in the 
aged lenses needs to be verified in more detailed 
model studies using isolated crystallins of cortex and 
core. 
Although the amide-III and amide-I bands at 1227- 
1264 cm-1 and 1660-1673 cm-1 are complicated it has 
been shown that a difference spectra pproach allows 
conclusions on the a-helix and /3-sheet configuration 
of proteins which are in agreement with studies using 
circular dichroism, optical rotary dispersion and X-ray 
crystallography [7]. The present difference spectra lso 
confirmed the previous observations [7] that core pro- 
teins have a more pronounced antiparallel /3-pleated 
sheet conformation than cortical proteins. It has been 
shown that a-crystallins are characterized by a very 
minor a-helix configuration and that 7-crystallins in 
solution have a substantial (20%) a-helix configuration 
[32-36]. Since in addition the /3- and y-crystallins 
proved to be more abundant in the lens core (see 
above), the increased/3-sheet conformation i the core 
can only be explained by assuming a post-translational 
shift in conformation from a-helix to /3-sheet. Since 
the difference spectra show a disappeareance of the 
excess-peaks for the /3-sheet band (1227-1340 cm -~) 
and peak (1673 cm -~) at about 0.5-0.9 normalized 
distance below the surface, it can be tentatively con- 
cluded that this conformational shift is most prominent 
in superficial layers. Whether aging leads to further 
increase in /3-sheet conformation cannot be concluded 
from this study. 
As rationalized by Kitagawa et al. [37], the 
1(880):1(760) cm-~ ratio reflects changes in the mi- 
croenvironment of tryptophan: 'buried' tryptophan 
gives a relative intense peak at 880 cm -t while 'ex- 
posed' tryptophan shows a relative weak peak at this 
spectral position. Data in literature on local and age- 
related changes in the microenvironment of ryptophan 
are controversial. A decrease in this ratio upon aging 
has been observed in ICR, cac and Emory mice 
[10,11,38] and it was concluded that tryptophan be- 
comes more 'exposed' with age. No changes in this 
ratio were observed between uclear and cortical pro- 
teins in rabbits [14] and in cold cataract [39]. The 
relevance of the I(880):I(760) cm-~ ratio is based on 
the assumption that the 880 cm -~ signal reflects the 
'exposed' vs. 'buried' position of tryptophan and that 
the 760 cm -a signal is independent of this. The 
I880):1(760) cm-I ratio does not show a significant 
age-related shift, indicating that the 'buried' or 'ex- 
posed' position of tryptophan i human lens proteins is 
not affected by age in the lens core of the human lens 
(Fig. 6). 
In a previous tudy from our group [1] it was shown 
that the well-known increase in protein content of the 
human lens from cortex to core is not gradual but 
rather abrupt reaching aconstant level at about 0.2-0.6 
mm below the surface. The present study additionally 
shows that maturational shift in tryptophan content, 
and possibly also of tryptophan and phenylalanine, the 
post-tranlational shift towards a more pronounced /3- 
sheet conformation and the presence of the 1425 cm-t 
peak are most prominent in superficial ayers, i.e., 
during the early life span of the crystallins. Indepen- 
dent studies on the physiology [39,40], the lipid compo- 
sition [41] and the ultrastructure [42,43] of lens mem- 
branes have shown a cortex to core change from mem- 
branes with normal permeability properties, normal 
cholesterol to phospholipid ratios and a normal archi- 
tecture to non-leaky, high-cholesterol-containing mem- 
branes with a 'degenerate' architecture. This shift is 
rather abrupt and completed at 0.3-0.7 mm below the 
surface. In addition it is known that the lens has a low 
metabolic rate [44]. On account of this accumulating 
evidence it is attractive to postulate that the lens is a 
two compartment organ comprising a small biochemi- 
cally and physiologically active cortical zone and a 
large relative inert core. This postulated relative 'in- 
ertia' of the lens core would make it rather insensitive 
to age-induced changes, probably apart from some 
extra light-induced damage to proteins. This is in sup- 
port of the epidemiologically and clinically observed 
preponderance of cortical cataracts and the steady 
non-vision-disturbing crease in discoloration and light 
scatter of the lens core. 
The present systematic confocal Raman microspec- 
troscopic analysis of human lenses allows the conclu- 
sion that upon aging the crystallins undergo matura- 
tional and post-translational changes. In the 'older' 
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lens core the aromatic amino acids tryptophan, tyro- 
sine and phenylalanine are always in excess, as com- 
pared to the 'younger' lens cortex, Moreover, an in- 
crease in /3-sheet conformation was observed from 
outside to inside. Within 0.4-0.9 mm from the surface 
these changes were largely completed, indicating that 
they occur in the early life span of the crystallins. In 
addition, it was observed that the tryptophan content 
increases with age in the core but not in the cortex and 
that the 'buried' vs. 'exposed' position of tryptophan 
did not alter upon aging. 
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